Introduction
Kinetochores are the macromolecular complexes that assemble each cell cycle at the centromere of each chromosome to ensure accurate chromosome segregation during mitosis and meiosis. The mature kinetochore and the different proteins that constitute it play a central role in the correct segregation of chromosomes by (i) establishing and maintaining the attachment to microtubules of the mitotic spindle and (ii) regulating the mitotic checkpoint (also known as the spindle assembly checkpoint), which controls cell cycle advance through mitosis. Unattached kinetochores generate a partially diffusible 'wait anaphase' inhibitor that blocks cell cycle advance to anaphase until all kinetochores have achieved proper attachment to microtubules of the spindle (reviewed in Cleveland et al, 2003) .
Kinetochore assembly is highly dynamic and organized. The amorphous electron dense material observed at prophase (Brenner et al, 1981) organizes to form a complex structure that appears as a trilaminar disk (Rieder, 1982) , with each layer comprised of distinct protein compositions ensuring different roles in kinetochore function (McEwen et al, 1993) . The inner plate of the vertebrate kinetochore contains the proteins CENP (centromere protein)-A, CENP-B, CENP-C, CENP-G, CENP-H, CENP-I, and Mis12. These are involved in kinetochore assembly, whereas components of the outer plate are implicated in microtubule attachment (e.g. CENP-E (Yao et al, 2000) , the Ndc80 complex (DeLuca et al, 2002) , and RanBP2 (Joseph et al, 2004) ), microtubules dynamics (CLASP1; Maiato et al, 2003) and checkpoint signaling (including Mad1, Mad2, Bub1, BubR1 and Mps1 (see Cleveland et al, 2003; Maiato et al, 2004; Kline-Smith et al, 2005) ).
The assembly of a mature three-dimensional kinetochore initiates in G2, continues into mitosis with the breakdown of the nuclear envelope and persists until the completion of cell division. One of the earliest components that assembles at the immature kinetochore is the 350 kDa CENP-F (also known as mitosin) (Rattner et al, 1993; Casiano et al, 1995; Zhu et al, 1995b) , a transient kinetochore component that accumulates to become an abundant nuclear protein in G2, assembles at the nascent kinetochores in late G2, remains kinetochorebound until anaphase, and is then degraded at the end of mitosis (Liao et al, 1995) . Like CENP-E, the CENP-F has been localized at the more distal region of the outer kinetochore (Zhu et al, 1995a) . Through its tail domain, CENP-F associates with the outer kinetochore earlier than any of the other known transient kinetochore proteins (Liao et al, 1995; Zhu et al, 1995a) , suggesting that CENP-F may act in the initial steps of its assembly.
Several indirect data also suggest that CENP-F acts to regulate progression from the G2 phase to M phase (Zhu et al, 1995b; Ashar et al, 2000; Crespo et al, 2001; Hussein and Taylor, 2002) . CENP-F is a substrate for farnesylation, and farnesyltransferase inhibitors (FTIs) prevent its farnesylation without disturbing its normal localization at the kinetochore (Ashar et al, 2000; Crespo et al, 2001) . A suggestive link to CENP-F is that analyses of FTIs have demonstrated that human tumor cell lines sensitive to these agents accumulate in prometaphase. In addition, overexpression of the tail domain of CENP-F induces a delay in G2/M progression (Zhu et al, 1995b; Hussein and Taylor, 2002) .
Contradictory evidence on the direct role of CENP-F (as assessed by CENP-F depletion using RNAi) has also emerged. One study focusing on the function of the Forkhead transcription factor FoxM1 during mitosis has identified the CENP-F gene as one of its targets. In total, 50% of cells depleted of CENP-F by siRNA have been reported to initiate anaphase and undergo cytokinesis in the presence of misaligned chromosomes and to be unable to sustain long-term activation of the mitotic checkpoint after spindle disruption with microtubule drugs (Laoukili et al, 2005) . In direct contrast, another study also lowering CENP-F levels by siRNA reported that CENP-F depleted cells transiently arrest in pseudo-metaphase with most chromosomes aligned but then proceeded to DNA decondensation and cell death without exiting mitosis (Yang et al, 2005) . These analyses leave unanswered how CENP-F absence from interphase nuclei in S or G2 and during mitosis affects cell cycle progression, mitotic checkpoint signaling and how or whether any deficit can provoke cell death from any of these cell cycle positions.
To address this, we have investigated the role of CENP-F in interphase and in mitosis using two independent methods of gene silencing and by targeting two distinct regions of CENP-F mRNA. Both methods reveal that in the absence of CENP-F, kinetochore assembly fails in a minority of cells leading to gross chromosome mis-segregation. In others, CENP-F depletion induces a strong mitotic delay with chromosomes aligned in a less tightly clustered metaphase. CENP-F depletion resembles inhibition of the Ndc80 complex, which is marked by decreased tension between sister kinetochores and a reduction of stable microtubule attachment at kinetochores. Mitotic checkpoint signaling in most CENP-F depleted cells is fully active, as demonstrated by normal levels of Mad2 recruitment at kinetochores and by the sustained mitotic arrest in the presence of microtubule depolymerizing agents. The continued presence of Mad1 at kinetochores of some aligned chromosomes and the transient reassociation (twinkling) of Mad1 at others demonstrate directly that the mitotic delay is due to continued activation of the mitotic checkpoint caused by unstable microtubule capture by CENP-F depleted kinetochores.
Results
CENP-F depletion does not affect cell cycle progression across S or G2, but provokes either premature anaphase or mitotic checkpoint mediated delay To investigate the role of CENP-F during S, G2 and mitosis, we repressed its expression by using both transcriptionmediated siRNA and siRNA duplexes ( Figure 1A and B). In the first approach, a plasmid encoding the surface marker CD20 was cotransfected with the CENP-F siRNA construct. Successfully transfected cells were recovered by affinity chromatography with immobilized antibodies to CD20 ( Figure 1A ). For introduction of siRNA duplexes, cotransfection of a Cy3-tagged luciferase encoding gene revealed uptake by 499% of the targeted cells ( Figure 1B) . With both methods, CENP-F accumulation in randomly cycling cells was reduced by more than 90% by 48 h post-transfection ( Figure 1C ). All detectable kinetochore localization was eliminated ( Figure 1D ).
To define if absence of CENP-F affected cell cycle progression, transcription-based siRNA was combined with subsequent CD20 selection and cell synchronization to enrich cells at the G1/S boundary following an 18 h DNA synthesis arrest caused by high levels of exogenous thymidine (Figure 2A ). Detectable CENP-F was eliminated from nuclei in cells transfected with the CENP-F siRNA construct, but not those transfected with a control siRNA plasmid ( Figure 2B and C). The thymidine block was released and time lapse microscopy was used to monitor the progression of the entire cell population across S and G2 using the cell rounding that occurs at late prophase/early prometaphase as a measure of mitotic entry. (This measure was validated by filming cells transfected to express histone H2B-EYFP to visualize chromosome condensation that initiates at prophase (data not shown).) Release from the S phase arrest produced indistinguishable kinetics of mitotic entry in comparing the CENP-F depleted and control cell populations ( Figure 2D) , with both peaking 10 h after release. Thus, the absence of nuclear CENP-F did not affect the progression across either S or G2 phases.
The length between mitotic entry and exit was also measured in CENP-F depleted and normal cells, as defined by the interval from mitotic rounding to the first frame in which cytokinesis furrow first appeared. Although all control cells divided within 60 min, with an average time of 38.677.5 min, CENP-F depleted cells showed a wide variability in the duration of mitosis that extended up to 320 min, with an average time of 84.4757.7 min ( Figure 2E ). All cells ultimately underwent cell division.
To define the underlying mechanism responsible for the pre-anaphase mitotic delay in the majority of CENP-F depleted cells, HeLa cells expressing histone H2B-EYFP were monitored beginning at prophase (Figure 3 ). Both transcription mediated and siRNA duplexes were used to lower CENP-F synthesis. For transcription based RNAi, cells that expressed high yellow fluorescent protein (YFP) levels were analyzed. RNA duplexes were introduced into an HeLa cell line stably expressing H2B-EYFP. Both methods gave similar results in that CENP-F was undetectable in 90% of these (data not shown). Control RNAi cells were homogeneous with regard to the time spent in prophase, prometaphase and anaphase, with averages of 6.8, 27.8 and 22.7 min, respectively ( Figure 3 ; Supplementary Movie 1). Although 17% of the control RNAi cells had somewhat extended metaphases (yielding an average of 30.5 min for all the cells), all of them divided in less than 147 min (with an average time of 87.8 min for all control cells; Figure 3A ). CENP-F depleted cells were quite different. While all spent a time similar to the control RNAi cells in prophase (with an average of 8 min), most had very extended prometaphases/ metaphases, with some cells strongly blocked at prometaphase (see an example in Figure 3C -1 and Supplementary Movie 2) or in metaphase (Figure 3C -2; Supplementary Movie 3), giving an average time of 87.3 min in prometaphase and 112.5 min in metaphase ( Figure 3A) .
Despite initial alignment, chromosomes of CENP-F depleted cells failed to remain tightly aligned, with some arms protruding from the metaphase axis and producing 'fat metaphase' indicative of unstable alignment (Supplementary Movie 3). Only 12.5% of the population of CENP-F depleted cells divided with normal timing, with a majority (62.5%) showing a very strong block at either prometaphase (46.7% of the arrested cells) or at metaphase ( Figure 3A and B). Figure 3C -4 entered anaphase only 24 min after mitotic entry and without prior alignment at metaphase, yielding gross chromosomal missegregation (see also Supplementary Movie 5). Thus, for such cells, CENP-F appears to play a crucial role in an early step of kinetochore assembly.
Reduced tension at kinetochores of bi-oriented chromosomes after assembly without CENP-F CENP-F has been localized to the outer surface of the kinetochore (Zhu et al, 1995a) , a position appropriate for affecting spindle microtubule capture or stabilization. As an initial measure for how the absence of CENP-F affected kinetochore-microtubule interactions, spacing between sister kinetochores was measured for chromatid pairs that had aligned. This revealed that tension-mediated stretching between the two sister kinetochores was reduced (interkinetochore spacing of 1.0570.11 mm ( Figure 4A -2) versus 1.3970.09 mm for CENP-F containing kinetochores ( Figure  4A -1)) on apparently bi-oriented sister kinetochores depleted of CENP-F. Some tension remained, however, since fully relaxed kinetochores, measured after nocodazole-mediated microtubule disassembly, showed even smaller spacing (0.8770.04 mm ( Figure 4A-3) ).
CENP-F depleted kinetochores bind microtubules less stably
To test whether the absence of CENP-F affected stability of microtubule capture at kinetochores, microtubule attachment was examined after briefly cooling the cells to 41C to destabilize most nonkinetochore microtubules (Rieder, 1981) . While kinetochore microtubule bundles uniformly remained attached to centromeres in control cells ( Figure 4B ), most cells transfected with the CENP-F encoding siRNA plasmid showed 1-3 unattached kinetochores ( Figure 4B ), consistent with those kinetochores either unbound initially to kinetochore bundles or that the attachment was not stable. Neither Hec1, a member of the Ndc80 complex that has been shown to be required for maintaining stable microtubule attachment (DeLuca et al, 2002) , nor Clasp1, a regulator of microtubule dynamics (Maiato et al, 2003) , were affected by the absence of CENP-F (Supplementary Figure 6 ).
Mitotic delay in CENP-F depleted cells from persistent mitotic checkpoint signaling by kinetochores of aligned chromosomes
The extended metaphases in CENP-F depleted cells, combined with apparently less stable spindle microtubule capture by those kinetochores, suggested that the mitotic delay could be due to chronic activation of the mitotic checkpoint. To test this, recruitment of Mad2, Bub1, BubR1 and CENP-E to kinetochores was examined after depleting CENP-F. In control cells, kinetochores recruited reduced levels of CENP-E, BubR1 and Bub1 following microtubule attachment, as measured by quantification of staining intensity at individual kinetochores. Specifically, at metaphase, these kinetochores recruited 4476% (CENP-E), 6276% (BubR1) and 66714% (Bub1) of the corresponding intensities observed in early Figure 5 ). Meanwhile, in the absence of CENP-F, CENP-E, BubR1 and Bub1 signals were reduced to statistical significance (to 3875, 57710, and 48713%, respectively) throughout prometaphase and metaphase ( Figure  5A -C). Although previous reports also showed a decreased intensity of CENP-E in CENP-F absence (Johnson et al, 2004; Yang et al, 2005) , BubR1 recruitment has been reported to be either unchanged (Yang et al, 2005) , decreased (Laoukili et al, 2005) or increased together with Bub1 in the presence of nocodazole (Johnson et al, 2004 ).
Mad2, whose recruitment to kinetochores is strongly correlated with generation of the mitotic checkpoint inhibitor (Chen et al, 1996; Shah et al, 2004) , is lost from kinetochores in control cells after microtubule capture and alignment ( Figure 5D) . The overall Mad2 level at metaphase kinetochores was determined by averaging Mad2 intensity among all kinetochores (identified by anti-centromere antibodies (ACA)). Both qualitatively ( Figure 5D ) and quantitatively ( Figure 5D 0 and Figure 6A and B) such kinetochores only rarely retained detectable Mad2 in control cells. In In total, 120 kinetochore pairs in which both sister kinetochores were in the same focal plane were analyzed for both psiRNA-CENPF and psiRNA control cells with and without nocodazole treatment. Insets 1-3 show enlargements of deconvolved planes for the psiRNA-control (1) without and with (3) 20 mM nocodazole for 3 h and (2) for psiRNA-CENP-F. Scale bar, 5 mm. The averages of 1.3970.09, 1.0570.11, and 0.8770.04 mm for kinetochores in cells from (1) (2) and (3) are significantly different (using ANOVA single factor test with a values o0.05 and P-values o0.001). (B) Reduced stability of kinetochore fibers in the absence of CENP-F. psiRNA-control and psiRNA-CENP-F cells were cooled on ice for 10 min prior to extraction and fixation. High expressing H2B-EYFP were stained for (red) tubulin and (green) ACA and processed to deconvolution. Attachment of kinetochores to microtubules was determined by following 4100 individual kinetochores through all the focal planes. Kinetochores in regions where fibers were not easily visualized were not taken into account. The images and enlargements correspond to the merge of selected focal planes. Kinetochores attached to microtubules (white arrows), and unattached ones (green arrows). Moreover, 50% of CENP-F depleted cells with aligned chromosomes had X3 Mad2 positive kinetochores ( Figures  5D and 6A ). No such signal was detected on aligned chromosomes in 60% of control cells, as expected, with only one or two Mad2 positive kinetochores in the remaining control cells, presumably reflecting the last kinetochores to attach to spindle microtubules. Quantification of Mad2 at individual kinetochores showed that in addition to the increased number of Mad2 signaling kinetochores on CENP-F free aligned chromosomes, those kinetochores also recruited an increased amount of Mad2 ( Figure 6B ). The intensity of Mad2 at CENP-F depleted kinetochores likely reflects kinetochores that have achieved a partial or unstable attachment to spindle microtubules, since completely unattached kinetochores recruited more Mad2 on average (as assessed by brief incubation with colcemid; Figure 6B ).
The fact that aligned chromosomes of CENP-F depleted cells continued to recruit Mad2 at kinetochores suggested that the pre-anaphase mitotic delay in the absence of CENP-F resulted from continued mitotic checkpoint signaling. Indeed, the maximum recruitment of Mad2 after a brief microtubule depolymerization was indistinguishable between control and CENP-F free kinetochores ( Figure 6B ). Mitotic checkpoint signaling was also directly assessed following an 18 h treatment with the microtubule depolymerizing drug colcemid. As in control cells, CENP-F depleted cells sustained a robust mitotic arrest. The mitotic index of CENP-F depleted cells increased (from 9.872.9 to 79.278.1%; Figure 6C ). This was essentially the same as in control cells (for which the mitotic index after prolonged microtubule depolymerization increased from 6.272.3 to 85.576.3%).
CENP-F depleted kinetochores intermittently recruit
Mad1, yielding sustained mitotic checkpoint activation Activation of mitotic checkpoint signaling is initiated by recruitment of a stably bound Mad1/Mad2 complex to unattached kinetochores early in prometaphase (Shah et al, 2004) . To follow checkpoint silencing and/or reactivation in real time at individual kinetochores in CENP-F depleted cells, HeLa cells stably expressing EYFP-Mad1 (Shah et al, 2004) were filmed 48 h after transfection with pH2B-mRFP and plasmids encoding CENP-F or control RNAi (Figure 7 ; Supplementary Movies 7 and 8). Mad1 redistributed from the nuclear envelope to kinetochores prior to nuclear envelope breakdown in both control and CENP-F RNAi cells (frames 0:00 and 0:10 for control RNAi and CENP-F RNAi, respectively). Concomitant with microtubule capture, Mad1 intensity decreased at kinetochores during progression through prometaphase (frames 0:06 and 0:14 for control RNAi and CENP-F RNAi, respectively). In control cells, it was absent after congression (frame 0:20). In most control cells, anaphase ensued within 10 min after the release of Mad1 from the last kinetochore, as expected (Rieder et al, 1994 (Rieder et al, , 1995 Howell et al, 2000) .
However, in one control cell, a chromatid pair was trapped behind one centrosome, leading to failure of one kinetochore to attach to spindle microtubules and the other to be unstably attached (the white arrow in Figure 7A ; Supplementary Movie 7 frames 0:38). Mad1 remained at levels expected for an unattached kinetochore (frames 0:38 to 1:42) and anaphase was inhibited for as long as the cell was filmed (64 min). Importantly, during this metaphase delay all kinetochores of aligned chromosomes had lost Mad1 and none rebound it even transiently. While the ability of a single unattached kinetochore to generate a sustained block to anaphase had been previously demonstrated in Ptk1 cells (Rieder et al, 1994 (Rieder et al, , 1995 , this finding demonstrates that this is also true in this human cell line.
In CENP-F depleted cells, robust levels of EYFP-Mad1 were found not only on unaligned, unattached kinetochores (see example in frame 0:21 of Figure 7B and Supplementary Movie 8), but also on at least one kinetochore that had congressed (see the yellow arrow in the frames of Figure 7B ). Other kinetochores initially aligned with no Mad1 signal, reinitiated Mad1 recruitment to produce 'twinkling' of bound EYFP-Mad1 (see the five white arrows in frames 0:36 to 1:02 of Figure 7B ). In this cell, weak Mad1 was detected for a short period of time at some kinetochores (eg, 6 min from frames 0:43 to 0:48 for the white arrow number 2) and at apparently distinct kinetochores throughout the 47 min metaphase delay (from frames 0:35 to 1:22). Both sustained and intermittent recruitment of Mad1 at kinetochores of aligned chromosomes have been observed in CENP-F depleted cells. Another example (presented in Figure 7D ) shows that during the same period of time, while one aligned kinetochore constitutively recruited Mad1 (see lower panel in Figure 7D ) and moved regularly and slowly over time in the z-axis at an approximate rate of 1 mm/3 min, a different kinetochore in the same spindle (represented in the top panel) clearly recruited, then lost and recruited again Mad1 within 5 min. Since all kinetochore movements tracked revealed slow transit in the z dimension, it is unlikely that this kinetochore shifts out of the focus plane since it would imply that it would oscillate orthogonally to the spindle B5-7 mm within 5 min. Further, our imaging included B80% of the complete metaphase cell depth (corresponding to five sections of 1 mm, to minimize damage to the cells; Figure 7C ). While we cannot completely exclude the possibility that some kinetochores of aligned chromosomes may shift out of focus during observation, most of them (such as those tracked in Figure 7D ) certainly do not. This provides evidence that in the absence of CENP-F Mad1 is recruited, then silenced, then recruited again to produce 'twinkling' at few kinetochores of aligned chromosomes (white arrows in Figure 7B ), but also repetitively at the same kinetochore ( Figure 7D) .
Finally, anaphase initiated 14 min after the Mad1 signal at the last kinetochore was eliminated (frames 1:22 to 1:36). Thus, mitotic delay at metaphase of CENP-F depleted cells reflects sustained mitotic checkpoint signaling in which individual few kinetochores fail to efficiently maintain capture of spindle microtubules and/or in which signaling is re-activated after initial capture and alignment. 
Discussion
Depletion of nuclear CENP-F with transcription-mediated siRNA or double-stranded RNAs targeted against two different regions of the corresponding mRNA did not affect progression through S or G2 in interphase or entry into mitosis, but it did produce unstable kinetochore microtubule attachment. In a minority of cells, kinetochore assembly failed, yielding inability of any centromere to initiate or sustain mitotic checkpoint signaling. This resulted in premature anaphase with gross missegregation of chromosomes that almost certainly produces cell autonomous lethality, similar to that proven to occur after elimination of essential mitotic checkpoint components (Kops et al, 2004) . This finding reveals a role for CENP-F, the earliest of the transient components to associate with kinetochores, in facilitating one or more early steps in kinetochore assembly. This aspect of function for CENP-F is most readily consistent with a scaffolding role in assembly and recruitment of other components to the outer kinetochore. Without it, a subset of kinetochores misassemble (or assemble slowly) and in the absence of an activated mitotic checkpoint to slow advance to anaphase there is insufficient time for correction of such assembly errors before a premature anaphase produces rampant chromosome missegregation.
In the majority of cells entering mitosis in the absence of CENP-F, kinetochore assembly was more successful, with at least some kinetochores assembled sufficiently well to generate a level of the mitotic checkpoint inhibitor sufficient to delay mitotic progression. This was a consequence of continued and intermittent mitotic checkpoint activation as reflected in (1) continued and transient recruitment of YFPMad1 to produce 'twinkling' at kinetochores of aligned chromosomes; (2) the recruitment to unattached, CENP-Fdepleted kinetochores of normal levels of several mitotic checkpoint components, including Mad2, and (3) sustained mitotic delay of CENP-F depleted cells in the presence of microtubule depolymerizing agents. Despite the two divergent outcomes for CENP-F depleted cells, both phenotypes probably reflect a common role for CENP-F in kinetochore assembly. A likely possibility is that the more severe phenotype arises from cells completely deficient in CENP-F, while the milder phenotype represents cells hypomorphic for CENP-F and in which sharply reduced levels of CENP-F uncover a CENP-F-dependency in the kinetics of kinetochore assembly.
An earlier effort using transcription based siRNA to an unspecified domain of CENP-F had claimed anaphase entry in the presence of widespread chromosome misalignment and subsequent missegregation (Laoukili et al, 2005) . Our results extend this to show that continuing mitotic checkpoint signaling from unstable microtubule capture underlies a mitotic delay, but with less tightly aligned chromosomes. Anaphase initiates after capture-mediated silencing of checkpoint signaling. An additional transcription-mediated siRNA effort proposed that the absence of CENP-F produces not only mis-misaligned chromosomes, but that this is accompanied by premature chromosome decondensation before anaphase onset and subsequent death directly in mitosis without mitotic exit (Yang et al, 2005) . Our evidence offers no support for either of these latter phenotypes as a direct consequent of the absence of CENP-F during mitosis. Rather, it seems likely that these severe phenotypes reflect not just the absence of CENP-F but also damage induced by repetitive, high-intensity illumination producing DNA or other damage that precludes further cycling.
The Caenorhabditis elegans proteins HCP-1 and HCP-2 have been proposed to be CENP-F relatives based upon 54% similarity to each other and a shared 20.8% identity with the carboxy terminal portion of the human CENP-F (Moore et al, 1999) . Two groups have recently assessed the function of HCP-1 and HCP-2 in mitosis, by depleting simultaneously both proteins in worm embryo (Cheeseman et al, 2005; Encalada et al, 2005) . Codepletion of HCP-1 and HCP-2 induces chromosome segregation defects characterized by a failure of sister chromosome bi-orientation that is dependent on Clasp2, a regulator of microtubule dynamics both in Drosophila and human cells (Maiato et al, 2002 (Maiato et al, , 2003 . Indeed, a direct interaction between HCP-1/2 and Clasp2 has been described including mislocalization of Clasp2 in the absence of HCP-1/2 and a similar segregation defect in embryos depleted only in Clasp2 (Cheeseman et al, 2005) . We have shown that human Clasp1 is not dependent on CENP-F. The low homology, divergent consequences of the absence of CENP-F versus HCP1/2 and divergent requirement for Clasp1-2 associated with kinetochores combine to suggest that HCP1/2 and CENP-F are unlikely to be orthologues.
The delay in mitosis progression as well as the microtubule instability we observed after depletion of CENP-F is reminiscent of a similar outcome from disruption of the Ndc80 complex, comprised of the Hec1, Nuf2, Spc24 and Spc25, first identified in yeast (He et al, 2001; Wigge and Kilmartin, 2001) . The crucial role of the Ndc80 complex in maintaining a stable attachment to spindle microtubules has been demonstrated in yeast and in mammals (Howe et al, 2001; DeLuca et al, 2002; Martin-Lluesma et al, 2002; Hori et al, 2003; McCleland et al, 2003 McCleland et al, , 2004 . In human cells, depletion of any member of the Ndc80 complex has been shown to induce a prometaphase block of several hours (DeLuca et al, 2002; Martin-Lluesma et al, 2002; McCleland et al, 2004) . Like CENP-F, Nuf2 inhibition has been shown to weaken stable microtubule capture at kinetochores, reflected in a complete absence of tension between sister kinetochores and by the complete depolymerization of kinetochore fibers after cold treatment (DeLuca et al, 2002) . Similar to what happens after CENP-F and Ndc80 complex inhibition, a prometaphase delay/block has been reported when kinetochore microtubule attachment is impaired, as it is for RanBP2 and CENP-E depleted cells (Yao et al, 2000; Salina et al, 2003; Joseph et al, 2004) .
While we are not aware of evidence supporting a direct role for the Ndc80 complex in microtubule capture, the evidence supports both direct and indirect roles for CENP-F. A direct contribution would be mediated by its partner CENP-E (Chan et al, 1998) , whose interaction was initially proposed through a yeast two hybrid interaction (Chan et al, 1998) and was confirmed by co-immunoprecipitation (Yao et al, 2000) . Indeed, we and others (Johnson et al, 2004; Yang et al, 2005) have shown CENP-E to be diminished at kinetochores depleted of CENP-F. Moreover, gene disruption (Putkey et al, 2002) , antisense oligonucleotide-mediated RNA silencing (Yao et al, 2000) or antibody inhibition (McEwen et al,  2001 ) have all previously been used to demonstrate that the Although it is clear from our evidence that CENP-Fdepleted cells can activate and maintain mitotic checkpoint signaling at unattached kinetochores, whether signaling from these kinetochores can be sustained for an extended period equal to that for CENP-F-containing kinetochores is not settled. In the HeLa cells used in our analysis, treatment for 18 h produced comparable mitotic indices from CENP-F-containing and depleted cells ( Figure 6C) . A similar effort with another immortalized human cell (U2OS) had reported a diminished ability of CENP-F-depleted cells to maintain microtubule drug-mediated mitotic arrest (Laoukili et al, 2005) . HeLa cells robustly sustain checkpoint signaling (480% mitotic index after 18 h). U2OS cells, on the other hand, escape that arrest much more readily producing only a 25% mitotic index after 16 h of drug induced microtubule disassembly. The divergent outcomes highlight an unresolved issue in how cells escape from chronic mitotic checkpoint activation (termed adaptation) and how that is linked to cell death either directly from mitosis or in a subsequent interphase after an abortive cytokinesis (reviewed in Weaver and Cleveland, 2005) . Additional efforts are now required to identify how CENP-F, at least in some contexts, influences adaptation from chronic mitotic checkpoint signaling.
Materials and methods
RNAi CENP-F expression was silenced in HeLa cells using antisense oligonucleotides siRNA and transcription-mediated siRNAi. A CENP-F specific RNA duplex 5 0 -CAAAGACCGGUGUUACCAAG-3 0 (Dharmacon) and a Cy3-luciferase GL2 duplex were transfected with oligofectamine (Invitrogen) in a ratio of 10:1. The nonspecific control duplex VIII (Dharmacon), representing a RNA duplex with the same GC content as the CENP-F duplex, was used as a control. siRNA was also introduced by transfection of a polymerase-III H1-RNA promoted gene that directs expression of short hairpin RNAs containing a 19 base segment of CENP-F mRNA (5 0 -GAGAAGACCC CAAGTCATC-3 0 ) (Brummelkamp et al, 2002) . HeLa cells were transfected with psiRNA-CENP-F and pH2B-EYFP/-mRFP or pCMV-CD20 in a ratio 10:1, using Effectene (Qiagen).
Magnetic activated cell sorting (MACS)
HeLa cells were transfected with the psiRNA-control/-CENP-F along with a plasmid carrying a CMV promoted gene encoding the surface marker CD20 (pCMV-CD20). After transfection, cells were collected using 3 mM EDTA for 3 min. Transfected cells were selectively recovered by affinity chromoatography with immobilized antibodies to CD20. Cells were incubated with a mouse anti-CD20 antibody (DakoCytomation) for 30 min at 41C, washed with PBS and incubated with goat anti-mouse magnetic microbeads (Miltenyl Biotech) for 30 min at 41C. Transfected cells were loaded on a PBSwashed magnetic column (MS column, Miltenyl Biotech) in a magnetic stand, washed in PBS and eluted in PBS after the removal of the column from the magnet.
Live cell microscopy
HeLa cells were seeded onto 35-mm glass-bottom dishes (MatTek) and incubated with a CO 2 -independent medium (GIBCO) supplemented with 10% FBS, 0.5 mg/ml penicillin/streptomycin and 2 mM glutamine prior to recording. Dishes were placed in a heatcontrolled stage set at 371C. Time-lapse sequences were taken every 2 or 4 min. Pictures were taken on a Nikon Eclipse 300 inverted microscope with either 60 Â A/1.4 or 20 Â objectives. Z-stack images were collected with a Photometrics COOLSNAP HQ camera (Roper Scientific) and analyzed with Metamorph software (Universal Imaging).
EYFP-Mad1 imaging was conducted using a spinning disk confocal (McBain Instruments) attached to a Nikon TE2000e inverted microscope equipped with a 60 Â /1.4NA objective lens. Fluorescence excitation as well as DIC illumination were controlled by Metamorph. Z-series images (five images at 1 mm intervals) were acquired using a Hamamatsu Orca ER camera (Bridgewater) at 1 min intervals. Z-stacks were compiled by maximum intensity projection for presentation.
Cell culture, cell lysates and immunoblots
HeLa cells were maintained in DMEM (GIBCO BRL) with 10% FCS, 0.5 mg/ml penicillin/streptomycin in a 371C, 5% CO 2 incubator. When microtubule depolymerizing agents were used, nocodazole was added to the medium at a concentration of 20 mM during 3 h, and cells were incubated during 30 min in the presence of 0.1 mg/ml colcemid. Synchronization in S and M phases were obtained after 18 h incubation in 2 mM thymidine and 0.1 mg/ml colcemid, respectively.
Cells were lysed in 50 mM Tris, 500 mM NaCl, 1% NP40 and proteinase inhibitors on ice for 20 min. Total proteins (20 mg) were run on a 6% SDS-polyacrylamide gels. Membranes were blocked in PBS containing 0.05% Tween-20 and 5% milk and blotted with antibodies diluted in the same solution: rabbit anti CENP-F antibody 1:1000 and mouse anti tubulin (DM1a) antibody 1:10 000.
Immunofluorescence, deconvolution microscopy and quantification Immunofluorescence was performed as described (Weaver et al, 2003) . Except for Hec1 and Clasp1 staining for which extraction/ fixation was done in À201C methanol during 10 min, all other stainings were performed after a 4% formaldehyde fixation for 10 min at room temperature. The dilutions of antibodies were the following: CENP-F rabbit antibody 1:1000, CENP-F sheep antibody (provided by S Taylor) 1:500, anti-human centromere proteins (Antibodies Incorporated) 1:500, phospho-histone H3 (Cell Signaling) mouse antibody 1:1000, mouse DM1a tubulin antibody 1:10 000 (Chen et al, 1996) , rabbit Hec1 antibody (provided by E Nigg) 1:200, rabbit antibody to Xenopus Clasp (provided by R Heald) 1:500, rabbit Hpx antibody to CENP-E 1:200, sheep SBR1 antibody to BubR1 (provided by S Taylor) 1:1000, sheep Bub1 1:500 (S Taylor), rabbit Mad2 antibody 1:2000. Fluorophore-conjugated secondary antibodies (Jackson ImmunoResearch Laboratories) were diluted 1:200. Deconvolution images were collected and analyzed as described (Weaver et al, 2003) . Kinetochore fluorescence was quantificated using the integrated intensity of threedimentional polygons surrounding each kinetochore.
Supplementary data
Supplementary data is available at 'The EMBO Journal Online'.
